As part of the Minnesota Children's Pesticide Exposure Study we measured volatile organic compound (VOC) concentrations in a probability sample of households with children. The 6-day average concentrations for 10 common VOCs were obtained in urban and nonurban residences twice during this multiphase study: screening-phase indoor measurements were collected in 284 households, and in the intensive-phase matched outdoor (O), indoor (I), and personal (P) measurements were collected in a subset (N ¼ 72) of the screened households. Screening-phase households with smokers had significantly higher concentrations of benzene and styrene compared to nonsmoking households; households with an attached garage had significantly higher levels of benzene, chloroform, styrene, and m/p-and o-xylene compared to households without an attached garage; and nonurban residences, which had a greater prevalence of smokers and attached garages, had significantly higher 1,1,1-trichloroethane, styrene, and toluene and significantly lower tetrachloroethylene concentrations compared to urban households. The screening-phase weighted distributions estimate the mean and variability in indoor VOC concentrations for more than 45,000 households with children in the census tracts sampled. Overall, median indoor concentrations of most VOCs measured in this study were similar to or lower than indoor levels measured previously in the United States. Intensive-phase outdoor VOC concentrations were generally lower than other major metropolitan areas, but urban concentrations were significantly higher than nonurban concentrations for all compounds except 1,1,1-trichloroethylene. A consistent pattern of P4I4O was observed for nine of 10 VOCs, with 1,1,1-trichloroethylene (I4P4O) being the only exception to this pattern. For most children, the indoor at-home microevironment was strongly associated with personal exposure after controlling for important covariates, but the ratio of median to upper bound exposures was smaller than that observed in studies of adults. There are relatively little data on VOC exposures in children, so these results are useful for estimating the central tendency and distribution of VOC exposures in locations where children spend a majority of their time.
Introduction
Volatile organic compounds (VOCs) are an important indoor air quality issue because they are associated with increased long-term health risks and people spend more than 90% of their time indoors. Past research has shown that indoor VOC concentrations are influenced by outdoor sources, building characteristics, such as presence of an attached garage, and indoor sources, such as environmental tobacco smoke (ETS) and consumer product use (Wallace et al., 1985 Cohen et al., 1989; Seifert et al., 1989; Fellin and Otson, 1994; Otson et al., 1994; Kim et al., 2001) . Characterizing potential sources and modifiers of VOC exposure is important for interpreting exposure data, estimating health risks, and recommending interventions if exposure prevention is warranted.
As part of the Minnesota Children's Pesticide Exposure Study (MNCPES), we measured VOC concentrations in a population of households with children during two separate phases of the study. MNCPES is one of the first to examine children's VOC exposures. In the screening phase we measured indoor levels in a large sample of urban and nonurban residences. In the intensive phase we collected concurrent personal (P), indoor (I), and outdoor (O) VOC samples in a subset of the screened households. Residences were selected with known probabilities from a defined sampling frame so inferences could be drawn about VOC exposures in households with similar characteristics in the census tracts sampled. This manuscript reports the distribution of VOC exposures, explores the statistical associations between concentrations and common sources and modifiers of exposure, and examines the associations between personal, indoor, and outdoor exposure levels in children.
Methods

Subject Selection
A detailed description of the MNCPES study design, eligibility criteria, sample selection, field sampling methods, and the development and application of statistical weights has been published (Adgate et al., 2000a; Quackenboss et al., 2000) , and is briefly summarized here. During the study a probability sample of households with children was obtained through a systematic process occurring over three phases: identification, household screening, and intensive monitoring. Sampled residences were initially recruited by telephone using a commercially available list of residences (Genesys Systems, Inc., Fort Washington, PA, USA) predicted to have children between the ages of 3 and 12 years based on publicly available data. To maintain the probability structure within the complex study design, probabilities of subject selection (based on application of eligibility criteria, for example, households with greater potential for pesticide exposure, race, ethnicity, etc.) and subject response (participation rate) were assessed at each step, and this information was used to develop screening and intensive-phase statistical weights to adjust the distributions for the oversampling of some important subpopulations, such as urban minorities. The oversampling of inner-city census tracts was effective in selecting non-white and Hispanic participants in the study population at rates equivalent to their prevalence in the overall Minnesota population, as projected from the 1990 census. Therefore, weighted summary statistics provide estimates of VOC levels for households with children in the census tracts sampled.
Measurements
The 6-day average concentrations for 10 common VOCs were obtained in urban and nonurban residences twice: (a) indoor measurements were collected in 284 households during the screening phase, and (b) concurrent personal, indoor, and outdoor measurements were collected during the intensive phase in a subset of the screened households. The 6-day sampling period was chosen to (1) increase the probability of obtaining detectable VOC concentrations in most samples, and (2) accommodate other study objectives such as collecting information on as many chemical exposures as possible, given that this population was already scheduled for multimedia measurements of pesticide and PAH exposures. VOC measurements were obtained during both phases from households located in either (a) the cities of Minneapolis and St Paul (designated urban households), or (b) Rice and Goodhue Counties (south of the MinneapolisSt Paul metropolitan area and designated nonurban households). Weighted screening-phase distributions presented in this paper estimate the mean and variability in VOC concentrations for more than 42,000 urban and 3000 nonurban households. Weighted intensive-phase distributions presented in this paper estimate the mean and variability in P, I, and O concentrations for more than 58,000 urban and 4000 nonurban households.
VOC measurements were obtained from each participating household during a 6-day sampling period between May and September 1997 using 3 M Model 3520 organic vapor monitors (OVMs). VOCs were collected by passive diffusion, and after sampling was completed the OVMs were sealed and retuned to the laboratory for VOC extraction and subsequent chemical analysis. In the screening phase the OVMs were deployed by study staff in the room where the family spent the most time while awake. On the fifth or sixth day after deploying the monitor, study staff called each household to administer a questionnaire about household activities over the monitoring period, and to remind participants to package and return the OVM in a pre-paid box. Information was also collected on household activities associated with VOC sources and building characteristics: presence of adult smokers, use of consumer products (e.g., glues, interior painting, renovation, etc.), and the presence of an attached garage. Valid questionnaires were completed for 294 of 308 households. A few OVMs were returned early or deployed for more than 7 days, and these were excluded from this analysis. A completed questionnaire and valid VOC analytical result were obtained from 284 households for a response rate of 95.4%.
In the intensive phase P, I, and O OVMs were deployed and retrieved after 6 days by study staff. Outdoor OVMs were deployed in the yard near homes, I OVMs were deployed in the room where the family spent the most time while awake, and P OVMs were attached to a day pack that the child kept nearby at all times. At night they were instructed to place the OVM beside their bed. During the monitoring period each subject kept a time-activity diary (TAD), recording time the child spent in seven primary microenvironments (inside at home, school, and other; outside at home, school, and other; and in-transit) as well as data on exposure to tobacco smoke and other potential exposure modifiers, resident activities and cleaning practices, and the number of hours that doors and windows were open. Subject compliance with study protocols, such as completion of the TAD and carrying the OVM in accordance with the study protocol, was high based on random spot checks and recorded technician observations. Valid TADs were completed for 100 intensive-phase children, and valid O and I OVMs were obtained from 99% and 100% of the households, respectively. Under the MNCPES design and IRB guidelines, subject refusal was allowed for the more timeburdensome samples, such as the P OVM. In all, 73 children agreed to carry the P OVMs, and valid samples were obtained from all of them. A total of 72 children had both valid TADs and matched P, I, and O samples.
Chemical Analysis
OVMs were analyzed for the chemicals listed in Table 2 using published methods, which are briefly summarized here (Pellizzari et al., 2001) . VOCs were extracted from the monitors with 1.5 ml of acetone/carbon disulfide (2:1 v/v), containing octafluorotoluene (PFT), hexafluorobenzene (PFB), and bromopentafluorobenzene (BFB) as internal standards at a concentration of 5 mg/ml. The sample extract (1 ml) was injected into a fused silica capillary column (60 m Â 0.32 mm i.d. DB-5) programmed from 01C (3 min) to 1501C at 41C/min. The individual VOCs were identified by their retention time from the analysis of calibration standards. The mass spectrometer was operated in the selected ion monitoring mode, and two ions for each VOC were used to detect and quantify the analytes of interest. QA/ QC samples were collected and analyzed, including field and method blanks, field duplicates, and field, laboratory, and method controls. The minimum detection limits for most compounds were o1.0 mg/m 3 (Tables 2 and 3 
Statistical Analysis
Statistics were calculated using SASs 8.2, and weighted statistics and comparisons were performed using SUDAAN (Shah et al., 1997) . VOC concentrations were skewed right, so all statistical tests were performed using log transformed data, except for analyses within subjects examining additive effects, such as the error analysis (described below) and regression analyses. Chemical concentrations less than the detection limit were assigned a value of one half the detection limit.
To examine the unexplained variability in personal exposure, we estimated the weighted distribution of e, where e expresses the estimated error for each individual and chemical, using the following equation:
P i , I i , and O i are the concentrations of chemical i in personal, indoor, and outdoor samples, respectively, and F is the 
To examine the potential influence of time-activity patterns and potential sources on personal exposure across the intensive-phase population, we also conducted weighted linear regression for each chemical using the model:
using the terms defined above and adding potential modifiers of exposure as the dichotomous variables AREA (urban versus nonurban), SMK (presence of a smoker in household), GAR (presence of an attached garage), AC (presence of air conditioning), and VENT (high (412 h windows/doors open) versus low ventilation). The reported frequencies of activities suspected to affect VOC concentrations (e.g., being near to or pumping gasoline oneself, remodeling, installation of new furniture, etc.) were too small (No10) to warrant inclusion in these models.
Results
The demographics and characteristics of the households and children in the screening and intensive phases are summarized in Table 1 . Most of the participants were nonminorities, and sampled households had a large proportion of single-family homes and few apartments or mobile homes. In both phases, slightly less than a quarter of the households reported having adult occupants who smoked. In the screening phase, ETS exposure was more prevalent in nonurban households (15/ 77 ¼ 19%) compared to urban households (29/207 ¼ 14%), but at the intensive phase ETS exposure was less prevalent in nonurban (2/21 ¼ 9.5%) compared to urban households (13/51 ¼ 25.5%). The presence of an attached garage was more common in screening-phase non-urban households 
Screening-Phase Indoor VOC Levels
Measurable VOC concentrations were detected in all residences. The 6-day average VOC concentrations for the 10 compounds were greater than the detection limit in 85-100% of samples, and three compounds (benzene, and m/pand o-xylenes) were present in all samples (Table 2 ). Weighted summary statistics that estimate the mean and variability in VOC concentrations in these households are presented in Table 2 . Mean concentrations were greater than median values in all cases, and upper bound (95th percentile) values ranged from three to nine times higher than median values. Median toluene and 1,1,1-trichloroethylene concentrations were the highest, and median values of p-dichlorobenzene, styrene, and trichloroethylene were all less than 1 mg/m 3 . We also examined these results by stratifying our analysis by factors thought to influence residential VOC concentrations: urban versus nonurban status, ETS exposure, and presence of an attached garage. Box plots of VOC concentrations in urban and nonurban households are shown in Figure 1 , and values less than the 5th or greater than the 95th percentile are represented by dots. Concentrations of four of the 10 compounds varied significantly by urban versus nonurban designation (Figure 1 ). Nonurban households had significantly higher 1,1,1-trichloroethane (t ¼ 2.6, P ¼ 0.010), styrene (t ¼ 1.98; P ¼ 0.048), and toluene (t ¼ 3.8; P ¼ 0.0002) concentrations compared to urban households. Nonurban households had significantly lower 
Intensive-Phase Indoor VOC Levels
The intensive phase sampled fewer households, but matched P, I, and O VOC results (Table 3) are available, as well as information on time the child spent in specific microenvironments, household ventilation practices, and time spent in the presence of smokers at home and in vehicles (Table 4) . The children who provided P samples were between 3 and 12 years in age, with a mean age of 7.972.6 years. Overall, VOCs were more frequently detected in both P (range of % 4DL ¼ 88-100%) and I (range of % 4DL ¼ 77-100%) samples, and less frequently detected in O (% 4DL ¼ 39-100%) samples. Benzene and toluene were detectable in 100% of P, I, and O samples, but the compounds p-dichlorobenzene, styrene, and tetrachloroethylene were much less frequently found in O compared to P and I samples. The P samples from urban households had significantly higher chloroform (t ¼ 2.5, P ¼ 0.015) and trichloroethylene (t ¼ 3.7, P ¼ 0.0005) levels and lower toluene (t ¼ À2.0, P ¼ 0.051) levels compared to nonurban households. The I samples from urban households had significantly higher trichloroethylene (t ¼ 2.3, P ¼ 0.024), marginally higher benzene (t ¼ 1.9, P ¼ 0.052) and chloroform (t ¼ 1.8, P ¼ 0.074), and lower toluene (t ¼ À2.1, P ¼ 0.036) levels compared to nonurban households. The O samples from urban households were significantly higher than nonurban households for all compounds (chloroform Po0.05, all others Po0.001) except 1,1,1-trichloroethylene (t ¼ 1.68, P ¼ 0.099).
For most compounds, P concentrations were greater than or equal to I concentrations, which were greater than O concentrations. Examining the P/O, P/I, and I/O ratios across chemicals indicates that the general pattern of P4I4O held for nearly all compounds. Across all subjects, median P/O ratios ranged from 1.1 for trichloroethylene to 2.8 for toluene. Median P/I ratios were all greater than 1 (except for 1,1,1-trichloroethylene ¼ 0.93), with a maximum of 1.2 for p-dichlorobenzene. Median I/O ratios for most compounds were between 1 and 2, with higher values observed for toluene (2.2) and chloroform (2.6).
Time-activity patterns for these children indicate that they spent an average of nearly 20 h a day indoors (mostly at home), B3 h a day outdoors, and the remaining time in a vehicle (Table 4) . Most children did not report spending time in the presence of smokers, and the 90th percentile for minutes of ETS exposure was estimated to be slightly less than an hour a day. To examine the contribution indoor athome and outdoor at-home environments to personal exposure, we calculated the error term epsilon (e) for each chemical by subtracting the TW_I (concentration Â fraction (Table 5) . Median e was positive and relatively small for all chemicals, indicating that P OVMs over-report slightly or that unmeasured environments had higher VOC concentrations. The 75th-95th percentile results in Table 5 support the latter interpretation, because unmeasured microenvironments clearly have a substantial impact on upper bound e for most chemicals. At the opposite end of the scale (5th percentile) the distributions of five of the e's were negative, indicating that exposures in unmeasured microenvironments were relatively low compared to TW_I exposures for these individuals.
To examine the potential influence of time-activity patterns and potential sources on personal exposure across the population, weighted linear regression was conducted for each chemical. Adjusted R 2 values ranged from 0.20 to 0.78 after excluding a single outlier from the tetrachloroethylene and styrene regressions (Table 6 ): for many chemicals about half of the observed variability can be explained by the measured variables. For all chemicals the TW_I coefficient was relatively large with small P-values. Consistent with the screening-phase indoor results, living in urban areas was significantly associated with elevated trichloroethylene levels. The positive association between trichloroethylene and presence of an attached garage was not observed for this compound at the screening level, and thus should be interpreted with caution as it may be due to chance or the influence of a relatively small number of samples. For toluene the TW_O, GAR, and AC terms were all significant and in the expected direction, and the VENT coefficient for tetrachloroethylene was significant and in the expected direction. To test the joint effect of related or unequally distributed variables, we conducted two additional regressions, each time adding a single interaction term judged to have a potential effect on results based on results in previous studies and our judgment: AREA Â AC, AREA Â VENT (interactions with SMK and GAR not included because of small N's). Controlling for these interactions did not substantially change the strength or direction of the observed associations, and the coefficient was not statistically significant (Po0.05) in all cases, except for trichloroethylene (AREA Â VENT, AREA Â AC) and toluene (AREA-Â AC).
Discussion
Relatively few population studies have examined VOC exposures in the United States, and data on children's exposure to these compounds are even more limited. We were successful in obtaining indoor samples from a relatively large population of households with children, and outdoor, indoor, and personal samples for a subset of children from these households. These light-weight diffusive samplers are easy to use for indoor and personal VOC sampling, and are less burdensome than monitoring techniques using pumps and sorbants, an important consideration for obtaining valid samples from children.
Previous studies have shown that ETS contributes to elevated benzene, toluene, styrene, and m/p-and o-xylene levels indoors , and the presence of an attached garage is associated with elevated concentrations of compounds commonly found in gasoline (Wallace, 1989 (Wallace, , 1996 . For the screening-phase results, the direct cause of the statistically significant differences in VOC concentrations between urban and nonurban households is not completely clear from these data. The presence of an attached garage was associated with significant increases in concentrations of six compounds, but four of these six compounds were not significantly higher in nonurban households where attached garages were much more common. Since many of the elevated levels have other sources, such as ETS, it may be that the differential distribution of this characteristic between urban and nonurban households influenced concentrations. Other potential explanations for these results include the presence of other unmeasured indoor sources, residence age, and the contribution of outdoor air to indoor concentrations. Data on residence age collected during the intensive (but not the screening) phase shows that the nonurban households with attached garages were more recently constructed than the urban households. The intensive-phase data suggest that, if Children's VOC exposure Adgate et al. anything, the influence of outdoor sources on indoor concentrations should result in somewhat lower levels of these compounds in nonurban households.
''Typical'' I VOC concentrations have been summarized using data from both probability studies and convenience samples collected in the United States over the last 15 years (USEPA, 1998) . In general, the screening-phase I concentrations are similar to or slightly lower than ''typical'' median indoor levels, although median toluene levels in this study were higher than those observed in one of the largest studies, the Total Exposure Assessment Methodology study . Intensive-phase I concentrations were similar in magnitude to screening-phase I levels, but a different suite of compounds was associated with ETS in the intensive phase. More recent data collected using the same measurement technology as part of the National Human Exposure Assessment Survey (NHEXAS) Region V study in Midwestern states (OH, IL, IN, MI, WI, and MN) indicate that median VOC concentrations measured in MNCPES averaged about 70% of median concentrations observed in the NHEXAS Region V survey, with the exception of pdichlorobenzene and trichloroethylene, which were more frequently observed in MNCPES residences (Pellizzari et al., 1999) . Similarly, 95th percentile concentrations observed in MNCPES were lower than those observed in NHEXAS Region V residences. There are at least two potential explanations for the differences observed between the results from MNCPES and the NHEXAS Region V data. First, the MNCPES data were collected only in the summer when dilution from outdoor air is more likely because of increased ventilation, while NHEXAS Region V data were collected over all seasons. Second, NHEXAS Region V data were collected from a larger, more diverse population, and had what is likely a more representative sample of household incomes than MNCPES. Even though inner-city census tracts were oversampled and the study population reflected the racial, and ethnic makeup of the census tracts as of 1990, the MNCPES sample had comparatively less geographic, racial, and ethnic diversity. A previous analysis has shown that the phone list used to recruit MNCPES subjects resulted in a study population with incomes approximately 40% greater than the median for the census tracts sampled (Adgate et al., 2000b) .
Indoor residential VOC concentrations are a function of both outdoor sources (e.g., automotive exhaust) and indoor sources (e.g., ETS, consumer products, cooking emissions, etc.). Previous population-based studies in the US suggest that levels of many VOCs are typically higher inside residences than matched outdoor concentrations (Wallace et al., 1985 Wallace, 1991; Sexton et al., 2004) . Although urban O concentrations were higher than nonurban levels, even the urban VOC levels measured in this study are relatively low compared to other large metropolitan areas in the United States (Sexton et al., 2004) . This is primarily because the urban areas monitored in this study are downwind of rural areas in the US and Canada that tend to have low VOC emissions, are well ventilated by consistent winds, and are not situated in a valley that could trap pollutants. The 6-day sampling time allowed for enough material to be collected so that the percentage of samples above the detection limit was reasonably good for most compounds: only styrene, p-dichlorobenzene, and tetrachlor- oethylene were found in less than 70% of the O samples, and all compounds were found in more than 80% of I and P samples.
Personal exposures are related to VOC concentrations in the various microenvironments through which people move during their normal daily activities, and the time they spend in those microenvironments. In this study, children's matched P and I results showed a consistent pattern: P was greater than I for nine of the 10 compounds, with 1,1,1-trichloroethane being the only exception to this pattern. Past VOC research in adults indicates that P concentrations tend to be higher than matched I residential concentrations, which are higher than matched outdoor levels (Wallace et al., 1985) . This is because most people spend more than 90% of their time indoors where VOC concentrations are often relatively high. The fact that previous studies found higher personal VOC exposures for adults (compared to MNCPES children) might be explained by adult exposure to relatively strong sources away from home, such as ETS in restaurants/bars, commuting in heavy traffic, visiting a dry cleaner, occupational exposures, etc. (Wallace et al., 1985; Lawryk et al., 1995; Hoffmann et al., 2000) .
The MNCPES data indicate that for many children the biggest source of exposure is the indoor at-home environment. P/I ratios are relatively small for the children in this study, likely because they spend a large proportion of time at home and had relatively low exposures when away from home. P/I ratios in a recent longitudinal convenience sample of adults from the Minneapolis-St Paul metropolitan area showed that, on average, P was about 30% higher than I exposures (Sexton et al., 2004) . The ratio of 95th percentile to median P exposures ranged from 2.0 to 5.9 for the children in this study. This is lower than the ratio for a similar suite of compounds measured in adults, which in two relatively recent studies ranged from 2.7 to 12.8 (90th percentile/median) (Sexton et al., 2004) , and 4.0 to 20.0 (95th percentile/median) (Hoffmann et al., 2000) . Nonetheless, some children live in households with significant indoor VOC sources that can be major contributors to exposure, such as VOC-intensive hobbies, ETS, high-VOCemission products, furnishings, or materials, and this likely causes some of the observed upper bound exposures ).
It appears that these children spent less time near sources (particularly in microenvironments other than indoor residential) that lead to higher exposures in adults, so indoor athome measurements may be better exposure estimators for children than adults. Mean differences between screening and intensive VOC levels were small and not statistically significant, even though they were collected several weeks apart, suggesting that residential concentrations were relatively constant within season. Since these samples were collected during the summer, when many of the children were not in school, year-round measurements are needed to confirm if monitoring the residential environment is a good long-term exposure estimator for children.
Conclusions
To our knowledge, this is one of the first studies to examine indoor VOC concentrations in households with children. It confirms previous research indicating that ETS and attached garages are associated with higher indoor residential concentrations of VOCs associated with these sources, such as benzene and styrene. It is also clear from these data that higher outdoor VOC concentrations in urban areas contribute to elevated indoor concentrations in urban households. Matched P, I, and O data indicate that, for the children in this sample, personal VOC concentrations were not substantially higher than indoor residential concentrations. This is likely because these children spent much of their time indoors at-home and apparently away from microenvironments with strong sources, such as ETS and occupational exposures, that contribute to elevated personal exposures in adults. Given the strong influence the indoor residential environment had on personal exposure in children, it may be possible to estimate exposure over time for this population using indoor residential monitors and timeactivity diaries. Longitudinal studies with repeat measurements are needed to confirm the usefulness of this approach for estimating children's VOC exposures within seasons and over time.
